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Introduction
Ｏ/唾o6rachjamcJs脈ojbelongmgtothephylumPogonophorapossessesca､４００kDahemoglobin
inblood、1,1996,YUasaejaLreportedthattheOﾉﾉgo67achja碗qls伽ojhemoglobiniscomposedof
eightglobinchains（al~a5,ｂ,ｃ,。)onthebasisofelectrosprayionizationmassspectrometlyTbey
determinedthepartialaminoacidseqUencesandcDNAsequencesoffburglobinchainM5(A2),ｂ(Ａ１)，
c(B2),and。(B])(YUasaeM/､1996)．HoweveEthesefburglobingeneswerenotclarifiedinfiⅢength，
andfUrthennore,nobiochemicalevidencesindicatingthattheOﾉﾉgo67ac肋ｍｃｚＷﾉtojgianthemoglobinis
reaUycomposedoftheeightkindsofglobmchains,havebeenshown・
InthepresentstudylthestablepurificationprocedureoftheOﾉ唾０６'αc/immczsﾙﾉﾉtoigiant
hemogIobinwasdevelopedanditisfbundthatthepurehemoglobiniscomposedofonlyfburkindsoftbe
globinchains，noteightglobinchains，ontheimprovedSDSpolyaclylamidegelelectrophoresis
(SDS-PAGE)．ThecloningandsequencingofthefburfUll-lengthcDNAsencodingeachglobmcham
weresuccessfilLAndtheputativesiglalpeptidesinaUoflhemandtheinterestingcharacterｓｏｆｔｈｅｄ
(Ｂ】）g1obinchainwerefbundTocharacterizeeachoftheglobinchainsandreconstitutethegiant
hemoglobinｊ〃Ｗ伽,threeglobmgeneswereexpressedinEscﾉieric/ｚｉａｃｏ〃ａｔfirst・Finallylthecrystals
difTiactingupto3・OAcouldbepreparedwithcollaborationwithK・MikiandNNumoto(Departmentof
ChemistryPraduateSchoolofScience,KyotoUniversity)todetenninethethree-dimensionalstructure
ofOﾉﾉ9067αcﾉｉｊａ腕cMjAojgianthemoglobinatSPrmg-８（JapanSynchrotronRadiationResearch
lnstitute)．
AminoacidsequencesandalignmentofthefOurglobinchains
N-tenninalaminoacidseqUencesofthefburglobinchainswhichwerepreparedbySDS-PAGEof
thepurifiedhemoglobinweredeterminedbyaproteinsequencer6Theseaminoacidsequencesｗｅｒｅ
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consistentwiththeregisteredpartialsequencesofa5(A2),ｂ(Ａ１),ｃ(B2)and。(B1)globinchainsinlhe
database・FourcompletecDNAsequencesencodinga5(A2),ｂ(Ａ１),ｃ(B2)and。(B1)globinchams
weredetenninedwith5，RACEandRILPCR・Ｔｈｅａ５(A2)globinchamconsistsofl42aminoacid
residueswiththemolecularweightandtheisoelectricpoint(pl)ofl5312and487,theｂ(Ａ１）globin
consistsofl40aminoacidresidueswiththemolecularweightofl5174andpIof5､6,theｃ(B2)globin
consistsofl47aminoacidresidueswiththemolecularweightofl5606andpIof5.0,ａｎｄｔｈｅｄ(B1）
globinconsistsofl45aminoacidresidueswiththemoｌｅｃｕｌａｒｗｅｉｇｈｔｏｆｌ４７７８ａｎｄｔｈｅｐＩｏｆ４．３，
respectively・
Analignmentofthefburglobmchamswasinvestigatedwiththeaminoacidsequences・Gaps
havebeeninsertedwherenecessarytoprovidemaximumalignmentoftheseqUences、Theidentityand
homologyofthefburglObinchainswerecalculatedtobｅ13.42％ａｎｄ45.64％,respectivelybandthese
weremuchlowerthanthoseofhumanhemoglobin,alphaandbetachains,４２％ａｎｄ78.4％,respectively
However,theaminoacidresiduesparticipatingintheglobinfbldingandnearthehemepocketwere
highlyconservedbetweenthefburglobinchainsandhumanhemoglobinchains、Therefbre，ｔｈｅ
structuresurroundinghemeoftheO/igo67ac伽腕czWAojgianthemoglobinmaybesimilartothatof
humanhemogIobin
ThefburglobinchainsofO/jgo67acﾉｶﾉα川cMjkoihemoglobinhave3~５cystein(Cys)residuesin
themolecule・ＩｎＦｉｇｕｒｅｌ５(pp65),theCys(7)andCys(152)ofthefburglobinchainswerepredicted
tofbrmanintra-moleculardisulfidebondTheCys(6)ofbothc(B2)and。(Bl)globincham,andthe
Cys(143)ofbothb(Ａ１)andＣ(B2)globinchainwerepredictedtofmninter-moleculardisulfidebonds，
asahetero-dimerandtrimersubunit・Ｈowever,onIyoneCysisfiPeeineachoftheglobinchains,such
astheCys(78)ｏｆｂ(Ａ１）andｃ(B2),theCys(88)ｏｆａ５(A2),andtheCys(98)ｏｆ。(Bl)globincham
Thesecystemeresiduesmightbethesulfide-bindmgsites・Therefbre,itseemsthatthe行eeCysofthe
pogonophorangianthemoglobincanbmdtothesulfideWathiol-disulfideexchange,anditislransported
toendosymbiontsinthetrophosomeofthehost．
MolecularphylogeneticanalysesoftheOlZgoblMbjM2dJWltDigianthemoglobin
AmaximumlikelihoodconsensustreewasconstructedwiththecompIeteaminoacidsequencesof
theextracellulargianthemoglobinchains丘omPogonophora,Vestimentifera,Annelida・Therootingas
outgroupwasmadewiththeintracellularpolymerichemoglobinofAnnelida,andthemonolnericand
homotetramerichemoglobinofMollusca・Thecharacterofthesehemoglobingeneshasthreeexonsand
twointrons，ａｎｄｔｈｅｓｅｃｏｎｄｅｘｏｎｄｏｍａｉｎｃｏｄｅｓｔｈｅentireheme-bindingregion，Accord、gtothe
molecularphylogeneticanalysesofthehemoglobins,thefirstgeneduplicationeventoftheextracellular
giantbemoglobinsmighthaveocculTedmacommonancestorofPogonophora，Vestimentiferaand
Annelida,resultingindMsionintostrainAanｄＢ,ａｓｐｒｏｐｏｓｅｄｂｙＧｏｔｏｅｊｑＬ(GotoeML，1987)．
Furthermore,NegrisoloeraLhaveproposedthaｔｓｔｒａｍＡａｎｄＢｃａｎａｌｓｏｂｅｄｉｖｉｄｅｄｔｏｔｈｅＡ１/Ａ２ａｎｄ
－１０６－
Ｂ１/B2subclusters,respectively(NegrisoloeML,2001)．Ourconstructedphylogenetictreeofthegiant
hemoglobmsalsosupportedthehypothesisthatthestrainAandBweremainlyseparatedtoA1/Ａ２ａｎｄ
Ｂ１/Ｂ２,respectivelyb
lntheprcsentstudybthephylogenetictreeincluding。(B1)globmchainofO/jgo67acAja腕ＣＭﾉﾉﾋoj
hemoglobmwasconstructedusingａnewaminoacidsubstitutionmodelofWAGmatrix,validfbrsoluble
proteins・AsshowninFigurel6(pp66),thecladeofOﾉｵgo伽c〃α',､妬励ｏｊｄ(B1)globinchainwas
firstbranchedBomthestramBwithrelativelyhighbootstrapvalues,suggestingthatd(Ｂ１)globincham
ofOﾉﾉgo61.αc伽腕qIWAoimighthavetheo1destpropertiesinthestrainBFurthelmore,B1globin
chainsofca､350~450kDahemoglobinsofPogonophoraO/jgo67ac伽mczWAoiandVestimentifera
Lαｍｅ"i6racﾉi/αspwereclearlyseparatedintotheclusterdifferentfiomtheanotherBlg1obinclusterof
ca,3000~3600kDahemoglobinsofAnnelidaL""U67icz‘sre〃alかiyandMllcm6dbﾉﾉα６！bco7a・Recently）
basedonthephyIogeneticanalysesoftheelongａｔｉｏｎｆａｃｔｏＮｑｇｅｎｅｓａｎｄｌ８ＳｒＲＮＡsequences,some
researchersbaveproposedthatPogonophoraandVestimentiferashouldbeincludedmtheclass
PolychaetainAnnelidaandinProtostomia(KqjimaeM/､,1993;McHugh,1997;Halanyche/α/,,1998)．
Furthermore,mostofAnnelidahaveonlyonekindofgianthemoglobinwiththemolecularmassofca、
3000~3600kDaTherefbre，befbretheannelidradiationabｏｕｔ６００ＭＹＡ，thecommonancestorof
Annelida,PogonophoraandVestimentiferamayobtamtheB1globinchainwhichcouldconstructtheca、
3000~36O0kDahemoglobinafterthefirstgeneduplicationOnlyPogonophoraandVestimentifbramay
independenUyandsimultaneouslyobtainanotherB1globinchain,whichcouldconstructtheca,350~450
kDahemoglobinwithoutlinkerproteins，afterthesecondgeneduplicationHowevenitremains
unansweredwhyPogonophoraasOﾉﾉgo67acAia腕cMWAojlosttheca､3000~3600kDahemoglobinduring
evolution，andwhyPogonophoracanbealiveunderthesulfide-richenvimnmentwithouttheca、
3000~3600kDagianthemoglobin・Ｉｔｍａｙｂｅｏｎｅｒｅａｓｏｎｔｈａｔｔｈｅｆｈｎｃｔｉｏｎｏｆｃａ、350~440kDa
hemoglobincanserveaswellas,ormoreenoughthan,thatoftlleca､3000~3600kDahemoglobm．
ExpressionofthethreeglobingenesofOlKgobmcﾉﾚjUumdM伽ihemoglobininEMbe沈伽ＣＯ〃
Toinvestigatethemechanismoftheassemblyandreconstructionofthegianthemoglobmh･omthe
smallglobinchainsandhemes腕ｖｊｒ1℃,threeglobingeneswereexpressedinEScﾉie7jc/ziaco/ｊａｔｆｉｒｓｔ・
Ｅａｃｈｏｆａ５(A2),ｂ(Ａｌ),ａｎｄｃ(B2）globincDNAswereinsertedintopETL15bvectorcontainedthe
additionalN-tenninalHis-hgsequence・EachpETL15b/a5(A2),pEF15b/b(Ａ１）andpETL15b/c(B2）
vectorobtainedwastransfbrmedintoEsche'ｊｃｈｉａｃｏ/iBL21(DE3)．WhentheseBL21(DE3）cells
cOntainingeachexpressionvectorweregrowntoOD6oo＝0.6～０．８mLBmediumcontaininglOOUg/ml
ampicillinat30℃，１mMIPTGfbrinductionand20トLMheminwereaddedintotheculture・After
mduction,theculturewascollectedwithlmlaliquotmtervalsofhalforlhourtilｌ６ｈｏursmcubated
Asaresult,ｔｈｅｃａ、１７ｋDarecombmantglobinchainsofthea5(A2）ａｎｄｂ(A1）weresuccessfimy
ovelploducedintheBL21(DE3）cells、However,therecombinantc(B2)wasnotfbundmthecells．
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Theｃ(B2）globinchainhastwoArgresidueswhicharetranslatedwiththeminorgeneticcodon
Therefbre,usingthepRAREfbrco-expressionwhichprovidedwithsixmmortRNAsmcludingthetwo
minorArgtRNAs,therecombinantc(B2）globinchamweresuccessfhllyoverproducedinthecells、
Howevermnfbrtunatelybeachoftherecombinantproteinswasfbnnedintotheinclusionbodies、ltis
likelythatsolubleandcon･ectfblding-recombinantglobinchainsmayrequlreco-expressionwithanother
globinchainsinE・coJjatthesametime．
Crystallization
CrystaUizationwasperfbnnedwithCrystalScreenTMＫｉｔ（５０setsofreservoirbufYersand
precipitantsolutions,HAMPTONRESEARCH)byhangingdropvapordiffUsionmethodThehanging
drops,whichweremixtureofthehemoglObinsolutionandtheprecipitantsolution,wereincubatedat4℃，
10℃，１５℃ａｎｄ２５℃inseveralmonths・Afterthemicroclystalsappearedinthedrops,thereservoir
bufferandtheprecipitantsolutionwerechangedtoanewconditionbythegradientofpHand
Concentration，Moreoverclystallizationconditionswerechangedtothedesaltinghemoglobinsolution，
theconcentrationofhemoglobin，temperature，andthedropvolumes．Ｓecondclystallizationwas
perfbnnedunderatthesametemperaturefbrseveralmonths，
First,thelllombohedralandtrigonalprismclystals(Forml)wereobtamedwithtllemixmreofllLl
of85mg/mlhemoglobinsolutioncontaining0.O5MTTis-HCl(ｐＨ8.0)and0.2MNaC1,pluslUlofthe
reservoirsolutioncontainingO,lMimidazole(ｐＨ6.9)asbufferand1.0Ｍsodiumacetatetrihydrateas
precipitant,at２５℃,fbramonthAndthewell-shapedhexagonalcrystals(FormlI)werealsoobtamed
withthemixtureoflu1of85mg/mlhemoglobinsolutioncontammgO・O5MTris-HCl(ｐＨ8.0)andO2M
NaCl,ｐｌｕｓｌｌ｣lofthereservoirsolutioncontainingO,lMimidazole(ｐＨ7.0~8.1）asbufferandLOM
sodiumacetatetrihydrateasprecipitant,ａｔ10℃,fbramonthHowever,theseclystalswereverysmall
andthinunderaboutOO5mmlength.、
Secondly;toobtainthecrystalsbeingbig,stable,ａｎｄsuitablefbrX-raycrystallogaphicanalysis，
thevariouscrystalgowthconditionswereinvestigatedbychangingtheproteinconcentration，ｐＨ，
temperatureandtheconcentrationoftheprecipitant・ThepHwasvariedffom6・Ｏｔｏ８１ａｔ４℃，10℃，
15℃ａｎｄ２５℃withthesameconcentrationoftheprecipitant・Themostsuitableconcentrationof
hemoglobinsolutionwas50mg/mlthroughthemanyexperimentsperfbnned，ａｎｄthepHofthe
hemoglobinsolutionfi･ｏｍｐＨ８.Ｏｔｏ7.5．Furthennore，ａｎconcentrationoftheprecipitant，sodium
acetatetrihydrate,inthereservoirsolutionwaschangedtobe0.6Ｍ,0.8Ｍ，1.0Ｍ，1.2Ｍａｎｄ1.4ＭａｔｐＨ
6.5~8.8．Amongthevariousgowthconditionsinvestigated,thebigclystals(FormII)wereObtamedat
lO℃inthedropsofpH7､３ｔｏ８．７ｗｉｔｈ0.6Mprecipitantfbrfivemonths(Figure7,ｐｐ８９)．These
clystalswereverythickwithabout０．５，ⅡnlengthHowever,ittooklongdays(flvemonths)fbrthe
crystalstogrowupto0.5Ⅱmmsize,andthisclystalwasliabletodissolveateve、４℃,unfbrtunately・
Forgettingmorestableandbigcrystalsmafewmonths，thecrystalgrowthconditionswere
mvestigatedwiththedesaltinghemoglobmsolutionFigure8(pp90)showstheclystalsobtainedけoｍ
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thedesaltinghemoglobinsolutionfbrthreemonthsinthedropsofpH８．０ｔｏ８．８withLOMprecipitantat
10℃・Theseclystals(FormlI)werevelybig,shape,andthickwithaboutO､2~0.3ｍｍ,andmorestable
at4℃、Recently，theX-raydiffinctiondataofthesecrystalswerecollectedbyN・NumotoandKMiki，
andthedatawereenoughfbrdetenninationoftheclystalstmctureofthegianthemoglobinat3､ＯＡ
resolution,whichwillbereportedinthenearfilmre．
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学位論文審査結果の要旨
有鬚動物は、口、消化管、肛門を持たない動物であり、生育に必要な有機物は、細胞内に共生する化学合
成細菌から獲得していると考えられている。巨大ヘモグロビンは、共生細菌が必要とする硫化水素と宿主が
必要とする酸素を貯蔵・輸送する特異なヘモグロビンである。本論文は、有鬚動物Oligobrachiamashikoi
から巨大ヘモグロビンを精製し、Ｘ線結晶構造解析が可能な結晶調整方法を確立するとともに、巨大ヘモグ
ロビンを構成する４種類のグロピン鎖の分子構造を解明し、さらに各グロピン鎖の大腸菌での大量発現系
の構築及びアミノ酸配列に基づく分子系統解析からの有鬚動物と環形動物の系統関係を考察した論文であ
る。
有鬚動物Omashikoiから分子量約440,000の巨大ヘモグロビンを簡便かつ高度に大量精製する方法を
確立し､様々な結晶化条件を検討した。その結果､３Ａ分解能のＸ線回折像を観察できる結晶調整に成功し、
巨大ヘモグロビンの立体構造の解明が飛躍的に進展した。また、巨大ヘモグロビンが分子量約１５，０００の４
種類のグロビン鎖で構成されることを明らかにし､それらの完全長cDNAの塩基配列を決定したｏその結果、
すべてのグロピン鎖はＮ末端に細胞外シグナルペプチドを持つこと等の多くの分子的特徴を明らかすると
ともに、他の有鬚動物や環形動物のグロビン鎖のアミノ酸配列と比較することにより有鬚動物Omashikoi
巨大ヘモグロビンの分子系統を明らかにした。さらに、各グロビン鎖cDNAの大腸菌での発現に成功し、巨
大ヘモグロビンの構造形成機構の解明につながる実験系を確立した。
以上、本研究により、有鬚動物巨大ヘモグロビン関して、多くのことを明らかにし、それらの知見は当該
分野の研究発展に大いに寄与するものと考えられる。従って、審査委員会は、本論文が博士論文として妥当
であると判断した。
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